The atrophy and hypofunction of the adrenal cortex following long-term pharmacologic glucocorticoid therapy is a major health problem necessitating chronic glucocorticoid replacement that often prolongs the ultimate return of endogenous adrenocortical function. Underlying this functional recovery is anatomic regeneration, the cellular and molecular mechanisms of which are poorly understood. Investigating the lineage contribution of cortical Sonic hedgehog (Shh)+ progenitor cells and the SHH-responsive capsular Gli1+ cells to the regenerating adrenal cortex, we observed a spatially and temporally bimodal contribution of both cell types to adrenocortical regeneration following cessation of glucocorticoid treatment. First, an early repopulation of the cortex is defined by a marked delamination and expansion of capsular Gli1+ cells, recapitulating the establishment of the capsular-cortical homeostatic niche during embryonic development. This rapid repopulation is promptly cleared from the cortical compartment only to be supplanted by repopulating cortical cells derived from the resident long-term-retained zona glomerulosa Shh+ progenitors. Pharmacologic and genetic dissection of SHH signaling further defines an SHH-dependent activation of WNT signaling that supports regeneration of the cortex following long-term glucocorticoid therapy. We define the signaling and lineage relationships that underlie the regeneration process. (Endocrinology 159: 579-596, 2018) 
T he adrenal cortex is an endocrine organ divided into three concentric zones: the outermost zona glomerulosa (zG), middle zona fasciculata (zF), and inner zona reticularis (zR), each of which is responsible for the secretion of different steroid hormones: mineralocorticoids (zG), glucocorticoids (zF), and sex hormone (zR) (1) .
The anti-inflammatory properties of glucocorticoids are frequently exploited for therapeutic benefit in many patients having a variety of disorders that manifest with activation of inflammatory responses. However, such pharmacologic dosing of glucocorticoids poses a substantial clinical challenge due to the resultant glucocorticoidmediated inhibition of adrenocorticotropic hormone (ACTH) secretion that leads to adrenal atrophy and clinical adrenal failure (2, 3) . Adrenal function only returns upon removal of the exogenous glucocorticoids and the subsequent repopulation of the zF and differentiation in response to reactivated ACTH. Binding to its receptor, ACTH triggers a series of molecular processes leading to activation of cyclic adenosine monophosphate (cAMP)-dependent protein kinase A (PKA) and transcription of steroidogenic enzymes in the zF (1, (4) (5) (6) .
The adrenal cortex is dynamically maintained through continual centripetal displacement and differentiation of cortical cells from the most peripheral cortex to the cortico-medullary junction, where cells ultimately undergo apoptosis (7) (8) (9) (10) . Cell fate mapping studies have identified a population of undifferentiated subcapsular Sonic hedgehog (Shh)-expressing cells embedded within the outer zG that signal to nonsteroidogenic gliomaassociated oncogene homolog 1 (Gli1)-expressing cells located in the adrenal capsule [for review see Finco et al. (11) ]. Capsular Gli1+ cells facilitate the establishment of the capsular/cortical unit during development by giving rise to the emerging underlying cortex, including the Shh+ cells. Postnatally, the Gli1+ cell contribution to cortical lineage is markedly diminished. Instead, the Shh+ cells serve as self-renewing progenitors for the differentiated descendants in the zG and zF throughout life (12) . Moreover, differentiated zG cells expressing the marker gene Cyp11b2 give rise to the underlying cells of the zF that express Cyp11b1, responsible for glucocorticoid production in response to ACTH (13) . Although the mechanisms by which SHH is engaged to activate capsular GLI1-mediated transcription in the adrenal is unclear, emerging evidence implicates the canonical WNT signaling as an additional paracrine signaling pathway essential for controlling renewal vs. differentiation of the adrenocortical progenitors (14, 15) . Like Shh expression, canonical WNT pathway activation is restricted to the zG. Moreover, while most of Shh+ cells are WNTresponsive, the WNT-responsive population also includes zG cells that express Cyp11b2 (and not Shh) (14) (15) (16) . Further experiments detail a reciprocal inhibition of the canonical WNT signaling pathway by cAMP/PKA, the primary signaling pathway mediating the effects of ACTH (17) .
The interdependence of SHH and WNT signaling pathways in adrenocortical cell maintenance is slowly emerging. Capsular deletion of R-spondin 3 (Rspo3), a ligand involved in the activation of WNT signaling (18) , causes decreased expression of Shh with loss of zG markers and a reduced adrenocortical volume (19) . These data together suggest that paracrine and endocrine signals jointly regulate the complex process of progenitor cell renewal and conversion to hormone-responsive, differentiated cortical cells that is central to the homeostatic maintenance of the adrenal cortex.
In our study, we posited that adrenocortical regeneration requires increased paracrine signaling normally involved in homeostasis and that we could exploit these pathways experimentally to deconstruct the roles of both SHH and WNT signaling in the capsular/cortical niche. We used adrenal atrophy induced by the synthetic glucocorticoid dexamethasone to interrogate the histological regrowth and functional recovery of the zF. We observed a spatially and temporally bimodal contribution of both the capsular Gli1+ cells and the cortical Shh+ cells to adrenocortical regeneration. Further pharmacologic and genetic dissection of paracrine SHH signaling indicated an additional contribution of canonical WNT signaling in mediating cortical regeneration following long-term glucocorticoid therapy.
Materials and Methods

Mouse models
All experiments were performed in accordance with institutionally approved protocols under the auspice of the University Committee on Use and Care of Animals at the University of Michigan. Gli1CreERT2 (20) (26) , TCF/Lef: H2B-GFP mice (27) (referred to as WntGFP mice), Shh-LacZ (28), and Gli1-LacZ (29) (kindly provided by A. Dlugosz). Mice were obtained from the Jackson Laboratory (Bar Harbor, ME), unless otherwise stated. Only male mice were studied, and for each experiment 4 to 10 animals were evaluated at each time point. Female mice were excluded from this study because of the presence of an additional histological zone (X-zone), which would potentially add variability.
Tamoxifen induction
Tissue lineage analyses were conducted by evaluating Gli1CreERT2 mice carrying the R26R EGFP reporter. Threeweek-old mice were fed with a tamoxifen-supplemented chow diet (TD.130859, Envigo) for 3 weeks to achieve a complete and consistent activation of the Cre recombinase. Three-week-old ShhCreERT2 mice carrying the R26R EGFP reporter, Axin2CreERT2 mice carrying a R26R mTomatom/mEGFP on a mixed 129/C57Bl6 background, and Gli1CreERT-R26R EGFP for lineage tracing during SHH pathway inhibition were administered tamoxifen (50 mg/kg body weight) via intraperitoneal (IP) injection for 2 consecutive days. For Axin2CreERT2-bcat fl/fl kept in a pure C57Bl6 background, Cre-mediated recombination was achieved via daily IP injections of tamoxifen (100 mg/kg body weight) for 3 consecutive days. Tamoxifen (Sigma-Alridch) was dissolved in 10% ethanol and 90% corn oil (Sigma-Aldrich) to a final concentration of 20 mg/mL. Adrenal glands harvested at all time points were evaluated by immunohistochemistry. No Cre activity (as determined by R26R reporter activity) was detected following inductions when only oil was administered to Cre-expressing mice or when tamoxifen was administered to mice not expressing Cre.
Analysis of mouse adrenal gland histology and immunohistochemistry
Adrenal glands were collected at the indicated time points, fixed in 4% paraformaldehyde for 2 hours at 4°C, and dehydrated in graded ethanol solutions if paraffin-embedded, or embedded in optimal-cutting-temperature compound (Sakura Finetek USA Inc.). Five-micrometer tissue sections from paraffin blocks were treated with boiling 10 mM citric acid (pH, 2) for 10 minutes or 10 mM sodium citrate (pH, 6) for 20 minutes, followed by 20 minutes' cooling for antigen retrieval. Slides were then washed 3 3 5 minutes in phosphate-buffered saline (PBS), and nonspecific staining was blocked by incubating the sections with 2% nonfat dry milk in PBS with 5% goat serum (Thermo Fisher Scientific) for at least 1 hour, followed by primary antibody (Table 1) incubation at 4°C overnight. The next day, slides were washed with PBS and incubated with secondary antibodies (Table 2) for 1 hour at room temperature, followed by nuclear counterstaining with 4 0 ,6-diamidino-2-phenylindole (DAPI), and mounted by using ProLong Gold Antifade Mountant (Thermo Fisher Scientific). Tissue sections from frozen samples were rehydrated in PBS for 15 minutes and tissue was permeabilized with PBS + 0.1% Triton-X 100 for 10 minutes. When needed, antigen retrieval was performed by incubating 5-mm tissue sections with 0.1 mg/mL proteinase K, 50 mM Tris (pH, 8), and 5 mM EDTA (pH 8) in PBS for 10 minutes at room temperature and washed with PBS 3 3 5 minutes. Blocking and antibody staining were performed as described above. Antibodies used are listed below. Endogenous fluorescence of the R26R EGFP and R26R tdTomato reporters were visualized in frozen section. Sections were analyzed by fluorescence microscopy conducted on a Zeiss ApoTome using its structured illumination to provide thigh-resolution images for each sample, and images were captured with an AxioCam MRm (Zeiss). Highresolution colocalization analyses were conducted with Olympus Fluoview 500 confocal microscope. 3,3 0 -Diaminobenzidine (DAB) staining was performed for processing of adrenal glands as described above. After antigen retrieval, antibody staining was carried out by using the VECTASTAIN ABC kit (Vector Laboratories) according to the manufacturer's protocol.
Pharmacological treatments
Water-soluble dexamethasone (Sigma-Aldrich) was reconstituted in autoclaved deionized water at the concentration of 0.0167 mg/mL. GANT61 (Tocris), 50 mg/kg body weight, dissolved in 4:1 corn oil:ethanol was administered via IP. NVP-LDE225 (Sonidegib; Selleckchem), 40 mg/kg body weight, prepared in a solution of 0.5% methyl cellulose/0.5% Tween80 in water was given by oral gavage once a day.
RNA extraction and real-time quantitative polymerase chain reaction
Harvested adrenals were cleaned from adherent fat and homogenized, and RNA was extracted by using the RNeasy Mini Plus Kit (Qiagen) following the manufacturer's instructions.
One microgram of RNA was converted into complementary DNA (cDNA) by using the iScript Supermix Reverse transcription Kit (Bio-Rad) as recommended. Quantitative real-time polymerase chain reaction (PCR) was performed by using 10 ng cDNA, 1 mM of specific primers (Table 3) , and Power SYBR Green reagent (Applied Biosystems) on an ABI 7300 thermocycler (Applied Biosystems). Glyceraldehyde 3-phosphate dehydrogenase (Gapdh) was used as an internal control, and data are expressed by using the 2 -ddCt method.
RT 2 profiler PCR array
A mouse-specific RT 2 profiler PCR array, which provides gene expression profiling focused on canonical WNT signaling pathway using real-time quantitative PCR (qPCR) (catalog no. PAMM-043A; Qiagen) was carried out following the recommended directions provided by the manufacturer. Briefly, highquality RNA was obtained from adrenals using the QIAzol/ TRIzol protocol and subjected to clean up with the RNeasy Mini kit (Qiagen). RNA concentration and purity were assessed by NanoDrop (Thermo Fisher Scientific). RT 2 First Strand Kit (SABiosciences) was used to eliminate potential genomic DNA contaminations and to convert 1 mg total RNA into cDNA. The resulting product was loaded in a 96-well RT 2 profiler PCR array according to the provided protocol, and PCR detection was carried out on an ABI 7300 thermocycler. Data analysis was performed with the manufacturer's software (SABiosciences).
Microarray analysis
Microarray analysis was carried by using a Mouse Gene ST 2.1 Array Plate (Affymetrix). For each analyzed time point [before dexamethasone administration (D0), after dexamethasone administration (R0), 3 days after cessation of dexamethasone (R3), and 7 days after cessation of dexamethasone (R7)], quality of RNA extracted from adrenals of four 6-weekold male C57BL/6 mice was assessed with Agilent 2100 Bioanalyzer (Agilent Technologies). Microarray data analysis was performed by using R software (R Core Team). Raw data were read and normalized by using the R-Bioconductor package "oligo" (30) . Quality control assessment of microarray data was carried out by principal component analysis and by means of the normalized unscaled standard errors and relative log expression value plots using the R-Bioconductor package "affyPLM" (31) . One sample failed the quality control standards and was excluded from the analysis. Normalization was performed by using the RMA algorithm (32) . Independent component analysis was executed using the R-Bioconductor "MineICA" package (33) . Annotation was performed with the R-Bioconductor package "biomaRt" (34) . The array data have been deposited in the Gene Expression Omnibus (GEO) of the National Center for Biotechnology Information and are accessible through GEO Series accession number GSE107715.
Corticosterone measurement
Blood samples obtained within 45 seconds of handling via decapitation were collected between 10:00 and 11:00 in BD Vacutainer 3K EDTA tubes (Thermo Fisher Scientific) and centrifuged at 2000g for 15 minutes at 4°C. Plasma samples were transferred to polypropylene tubes and stored at 280°C until use. The corticosterone content was determined by using a mouse and rat corticosterone enzyme-linked immunosorbent assay kit (ALPCO Diagnostics). Assays were conducted following the manufacturer's instructions.
Quantification and statistical analysis
For lineage and cell density analyses, cells were counted in at least three sections per adrenal gland. Adrenal glands were weighed after removal of adjacent fat, and the average of the two adrenal weights was normalized to body weight. A twotailed Student t test was carried out for normally distributed data. For nonparametric distributions (data shown as the median), a two-tailed Mann-Whitney test was performed. For the multiple comparison test, analysis of variance with the Tukey multiple comparisons test was used. Statistical analyses were carried out using Prism (GraphPad).
Results
Shh-expressing cells contribute to zF regeneration in adrenal atrophy model
The effects of iatrogenic glucocorticoid excess on the adrenocortical growth and function are well documented to consist of a suppressed plasma ACTH level that results in decreased expression of enzymes involved in cortisol/corticosterone production, concomitant atrophy of the zF, and ultimate cell death (35) (36) (37) (38) . Although glucocorticoid-induced adrenocortical atrophy is a relatively well-characterized phenomenon, little is known about the mechanisms responsible for adrenal regeneration following suspension of such therapies. Therefore, we set out to determine whether and how the Shhexpressing cells, believed to serve as adrenal cortex progenitors, contribute to cells of the replenished zF. First, we created a model of zF atrophy by administering the synthetic glucocorticoid dexamethasone to wild-type male mice for 14 days in drinking water, followed by 14 additional days of recovery to allow for functional regeneration [defined as the return of Cyp11b1 messenger RNA (mRNA) levels to the homeostatic levels measured before dexamethasone treatment (D0)]. Adrenals were collected before and after dexamethasone treatment (D0 and R0, respectively) and at 3, 7, and 14 days after cessation of the treatment (R3, R7, R14) (Fig. 1A ).
Significant reductions in adrenal weights were observed after 14 days of dexamethasone treatment beginning at R0 and persisting through R3 and R7 compared with nontreated mice (Fig. 1B) . At R0, the adrenal cortex appeared to be mostly composed of zG cells, immune cells, and vacuoles (data not shown). A specific dramatic loss of zF cells was confirmed by histologic evaluation (Fig. 1C) . Consistent with previously published studies (39), the histologic atrophy of the zF was accompanied by apoptosis, as reflected in an increase in Cleaved Caspase 3 in the dexamethasone-treated adrenal cortices (Fig. 1D ). 
Additionally, as revealed by qPCR, a marked decrease (85%) in Cyp11b1 mRNA levels was also observed in the R0 adrenal tissue when compared with baseline D0 levels. After dexamethasone withdrawal, Cyp11b1 expression gradually increased and reached homeostatic levels by R14, indicating a functional recovery of the zF (Fig. 1E ). The changes in adrenal weight paralleled these functional changes. Additionally, apoptosis and immune cell infiltration decreased during functional recovery, whereas proliferation (determined by KI67 staining) increased commensurate with the increase in adrenal weights . Biological replicates for each time point: D0, n = 5; R0, n = 7; R3, n = 8; R7, n = 7; R14, n = 7. Error bars represent the standard error of the mean. *P , 0.05; **P , 0.01; ***P , 0.001. c = cortex; m = medulla; ns, not significant. (Fig. 1F) , indicating a coordinated anatomic and functional recovery of the atrophied zF.
To interrogate the transcriptome of the adrenals of dexamethasone-treated mice and identify dominant coregulatory gene networks during adrenal regeneration after dexamethasone suspension, we used cDNA expression microarrays. An independent component analysis (33) identified a gene signature characterized by the presence of Shh and several downstream components of the hedgehog (HH) pathway, suggesting its involvement in the cortical regeneration process. The expression of these genes peaked on R0 (Fig. 2A) . To address whether this augmented expression was due to an increase of mRNA per cell and/or to an expansion of Shhexpressing cell population, Shh-LacZ reporter mice were first treated with the dexamethasone strategy detailed above, followed by histochemical analysis. An expanded zone of b-galactosidase activity, consistent with an increase in the number of cells expressing Shh (marked in blue in Fig. 2B ), was observed during the course of dexamethasone treatment (Supplemental Fig. 1 ), after the suspension of the treatment (R0) and during early recovery (R3 and R7) (Fig. 2B) .
On the basis of these findings, we set out to determine the contribution of Shh+ progenitor cells to the regenerating cortex by lineage tracing. We crossed the inducible ShhCreERT2 mouse line with the R26R EGFP reporter mouse line, which activates expression of cre-recombinase in Shh-expressing cells after administration of tamoxifen, resulting in the permanent expression of the enhanced green fluorescent protein (EGFP) reporter gene in Shh+ cells and in their descendants. We chose to perform a low-dose tamoxifen pulse to achieve low-efficiency recombination and therefore label only a subset of Shh+ clones to better identify their progeny. ShhCreERT2-R26R EGFP mice were treated according to the protocol detailed in Fig. 2C . After dexamethasone treatment, a quantifiable increase in Shh-expressing cells and their descendants (EGFP+ cells) was observed (Fig. 2D) , resulting in the presence of clonal cords of EGFP+ cells as early as R7 and R14, which were not observed at these time points in control mice that did not receive dexamethasone (Fig. 2E) .
As expected, 1 month following dexamethasone withdrawal, at a time when regeneration is complete and the normal homeostatic renewal of adrenocortical cells is engaged in both the dexamethasone and vehicle-treated groups, we observed persistent Shh-derived clusters in the zF in the dexamethasone-treated mice (Fig. 2E) . These data are consistent with the process of regeneration, in part reflecting an enhancement of the known homeostatic replenishment of adrenocortical cells through engagement of long-term retained Shh+ progenitor cells of the zG (12) . Capsular Gli1+ cells participate in the regrowth process GLI1 is a transcription factor activated by HH signaling (40) , and its expression is restricted to a subset of cells embedded within the adrenal capsule (12, 16) . Given the contribution of Shh+ cells to homeostatic adrenal replenishment and the regeneration following dexamethasone treatment, we wanted to determine whether increased Shh expression following dexamethasone served to activate SHH signaling in capsular Gli1+ cells, as suggested by the increased expression of downstream components of the SHH signaling pathway in our array study ( Fig. 2A) . Mice expressing a tamoxifen-inducible cre-recombinase under control of the Gli1 promoter (Gli1CreERT2) were mated with the R26R EGFP reporter mouse line and Gli1CreERT2-R26R EGFP mice were treated according to the protocol detailed in Fig. 3A .
Visualization of EGFP+ cells (capsular Gli1+ cells and descendants) at R0 did not significantly differ between dexamethasone-treated mice and controls ( Fig. 3B and 3C) , with strong capsular labeling in both groups. However, 3 days into the regeneration process, cords of capsulederived EGFP+ cells were observed in the replenishing cortex of dexamethasone-treated adrenals, whereas in the control group only a few clusters or EGFP+ cells were found (Fig. 3B) . Cortical EGFP+ cells expressed SF1 and cholesterol side chain cleavage enzyme (SCC) (Supplemental Fig. 2) , confirming the capability of capsular Gli1+ cells to give rise to cortical cells with steroidogenic features (12) . Moreover, these steroidogenic cells also stained for CYP11B1, the steroidogenic enzyme responsible for corticosterone synthesis in the zF (Fig.  3D) , supporting the conclusion that Gli1 descendants contribute to cortical replenishment. Because cortical clusters and occasional radial cords of EGFP+ cells were still observed 7 and 14 days after dexamethasone withdrawal, and because Gli1 descendants have been demonstrated to give rise to long-term retained Shh+ cells (12), we questioned whether delaminated descendants of the capsular Gli1+ cells (after dexamethasone treatment) became new long-term retained cortical cells that were capable of continued homeostatic repopulation of the cortex. We performed a 3-month chase in dexamethasonetreated Gli1CreERT2-R26R EGFP mice, allowing for turnover of the entire adrenal cortex following regeneration (13) . At this late time point, no significant differences were observed in the number or location of EGFP+ descendants of the treated vs. the control group. Minimal EGFP+ cells were evident in the cortex of both cohorts (Fig. 3E) , indicating the lack of contribution of capsular Gli1+ cells to long-term retained Shh+ cortical progenitor cells engaged in zF regeneration following dexamethasone treatment. Instead, the data support a regeneration model whereby the capsular Gli1+ descendants give rise to early, transient functioning new cortical cells of the regenerating zF.
Inhibition of paracrine SHH signaling impairs regeneration
After identifying the involvement of both a transient capsular Gli1+ cell lineage and a sustained cortical Shh+ cell lineage in the regeneration process, we next examined the specific contribution of capsular SHH signaling to cellular regeneration in the cortex. To inhibit SHHactivated GLI1-mediated transcription in the capsular Gli1+ cells, we treated mice with GANT61, a specific inhibitor of GLI1 and GLI2 DNA binding and subsequent transcriptional activation (41) . To verify the efficacy of GANT61 in inhibiting GLI1-mediated transcription in our mouse model, Gli1-LacZ mice, which exhibit robust capsular b-galactosidase activity, were treated with GANT61 for 3 days. b-Galactosidase activity decreased in capsular cells compared with vehicle-treated mice, indicating drug efficacy (Supplemental Fig. 3A) . We then applied GANT61 treatment in the context of our regeneration protocol (Fig. 4A) . Similar to the observed decrease in b-galactosidase activity in the adrenal capsule of GANT61-treated Gli1-LacZ mice, both Gli1 and Gli2 expression were decreased by 80% in the adrenals of mice following dexamethasone and subsequent 3 days of GANT61 treatment during regeneration (compared with vehicle-treated mice), further indicating a substantial inhibition of SHH-mediated GLI1-dependent transcription in the capsule following GANT61 treatment (Fig. 4B) .
Macroscopically, adrenals from GANT61-treated dexamethasone-suppressed mice were characterized by a lower weight compared with controls ( Fig. 4C) , which was histologically correlated with numerous vacuolizations, a more compact zG, and a 20% reduction in steroidogenic cortical cells as determined by quantification of Sf1 expression (Fig. 4D ) and SF1+ cell number (Fig. 4E) . Analysis of steroidogenic gene expression in GANT61-treated adrenal glands compared with vehicle-treated mice revealed a .50% decrease in zF Cyp11b1 expression, indicating a slowed functional cortical recovery following inhibition of capsular GLI signaling (Fig. 4F) . The corticosterone content in the plasma of GANT61-treated mice mirrored Cyp11b1 expression with an approximate 50% decrease compared with vehicle-treated (Supplemental Fig. 3B ). Altogether, these data indicate that GANT61 treatment attenuates GLI1-mediated capsular transcription, leading to a diminished repopulation of the zF and a consequent slower functional recovery.
Further verification of the involvement of paracrine SHH signaling was observed after treating mice with LDE225, an antagonist of Smoothened (Smo) receptor, which mediates HH signaling (42) . After tamoxifen pulse and 14 days of dexamethasone administration, Gli1CreERT2-R26R EGFP were treated for 3 days with LDE225 and euthanized the following day (Fig. 4G) . LDE225 treatment during adrenal gland regeneration impaired adrenal weight (Fig. 4H ) and led to decreased mRNA expression of Sf1 (Fig. 4I) , Cyp11b1 (Fig. 4J) , and, as expected, Gli1 and Shh (Supplemental Fig. 3C ). Moreover, corticosterone levels displayed a slower recover compared with controls ( Supplemental Fig. 3D ). Lineage tracing of Gli1+ cells revealed that inhibition of SHH signaling led to a decreased delamination of Gli1 descendant into the adrenal cortex, as shown by the lower number cells that coexpressed EGFP+ and SF1 (Fig. 4K) .
To explore whether inhibition of GLI signaling resulted in a commensurate downregulation of WNT signaling pathway (19), we focused on three critical mediators of canonical WNT signaling during adrenocortical homeostasis and zonation: Wnt4, Lef1, and Rspo3 (14, 15, 17, 19, 43) . Following GANT61 treatment after dexamethasone-induced atrophy, we observed a 50% decrease in expression of adrenal Wnt4, a 50% decrease in the capsular-restricted Rspo3, and a 60% decrease in cortical-restricted WNT effector Lef1 compared with vehicle-treated regenerating adrenals (Fig. 4L) . Paralleling these observations, canonical WNT pathway genes Wnt4, Lef1, and Rspo3 also exhibited diminished expression following LDE225 treatment (Fig. 4M) .
Altogether, these data support a model whereby paracrine SHH signaling is important in zF regeneration and its inhibition leads to both a decrease in early delamination of capsular Gli11 cells and a decrease in cortical WNT signaling.
Constitutive activation of GLI1+ signaling improves cortical regeneration
After observing that inhibition of transcriptional activity of capsular GLI1 impairs WNT signaling and regrowth of the functioning cortical zF, we tested whether constitutive capsular Gli1 activation can enhance WNT signaling, cortical regeneration, and functional zF recovery following dexamethasone-induced atrophy. We took advantage of the SmoM2 mouse, characterized by a mutant allele carrying a constitutively activating W539L point mutation, and crossed with Gli1CreERT2 mice to induce constitutive SHH activity only in capsular Gli1+ cells. Three-week-old male Gli1CreERT2-SmoM2 mice and SmoM2 controls were fed a tamoxifen diet for 3 weeks to efficiently activate the cre-recombinase. Before applying the dexamethasone protocol, we characterized these mice for evidence of histologic and functional changes in homeostasis together with changes in Shh and Wnt activation at baseline. Increased gene expression profiling for canonical WNT signaling pathway identified a 2.32-and 2.33-fold increase in Ctnnb1 and Wnt4 expression, respectively (Fig. 5A) , whereas immunofluorescence analyses revealed enhanced peripheral b-catenin staining and proliferation (Fig. 5B) . These data are consistent with a model whereby SHH activation in Gli1+ capsular cells enhances WNT responsiveness in the underlying cortex.
We next explored whether constitutive capsular Gli1 activation and resultant enhanced cortical WNT signaling was commensurate with augmented adrenal regeneration in Gli1CreERT2-SmoM2 mice after dexamethasone. Following a 3-week-long tamoxifen-containing diet, we administered dexamethasone for 14 days and collected tissues at the designated time points (Fig. 5C) . Gli1CreERT2-SmoM2 mice showed no significant difference in adrenal weight at baseline compared with SmoM2 controls ( Supplemental Fig. 4) ; however, histological analysis of Gli1CreERT2-SmoM2 adrenals (Fig. 5D ) revealed a cortex characterized by a higher cell density (Fig. 5E ), coincident with a significant increase in cortical proliferating cell nuclear antigen staining (Fig. 5F) during regeneration (R0, R3) , indicating an increase in proliferation. In addition, a significant relative increase in Cyp11b1 mRNA in the Gli1CreERT2-SmoM2 mice was observed during early regeneration at R3, consistent with a more rapid recovery of steroidogenesis (Fig. 5G) . At R14, Cyp11b1 levels in Gli1CreERT2-SmoM2 mice and controls did not differ from the baseline consistent with return to homeostatic steroidogenesis, commensurate with completion of regeneration and return to homeostatic baseline.
WNT-responsive cells participate in adrenal regrowth
Although our previous experiments indicate that canonical WNT signaling in cortical cells is influenced by capsular SHH/GLI signaling during adrenal regeneration, we undertook experiments to more clearly define a role for canonical WNT signaling during adrenocortical recovery. Gene expression obtained with our microarray analysis showed increased expression of genes affiliated with canonical WNT signaling during adrenocortical recovery following dexamethasone treatment (Fig. 6A) .
To identify the behavior of WNT-responsive cortical cells during recovery, 3-week-old WntGFP mice were treated according to our dexamethasone protocol (Fig.  1A) . As expected, at R0, R3, and R7, green fluorescent protein-tagged WNT-responsive cortical cells increased markedly, suggesting that increased canonical WNT signaling part results from increasing WNT-responsive cell number during adrenal recovery. The number of WNT-responsive cells increases over the time course of dexamethasone treatment, as observed for Shh expression (Supplemental Fig. 5 ).
To further study the contribution of WNT-responsive cells to cortical regeneration, we performed a lineage tracing study by crossing Axin2CreERT2 mice into the reporter line R26R mTomato/mEGFP . Three-week-old Axin2CreERT2-R26R mTomato/mEGFP mice were then treated according to the dexamethasone protocol previously described after tamoxifen pulse (Fig. 6C) . These mice ubiquitously express a Tomato reporter until recombination occurs in Axin2+ cells, which results in permanent labeling of these cells and their descendants with EGFP.
Lineage tracing analysis revealed that WNT-responsive Axin2+ cells give rise to cells of both the zG and the zF (Fig. 6D and 6E) . After dexamethasone withdrawal, an extended concentric layer of EGFP+ cells in the zG of an approximate depth of four-cell layers was present, whereas in control mice vehicle-treated EGFP tagging occurred only in clusters embedded within the histological zG. During regeneration, stream and clusters of EGFP+ cell clones penetrated deeper into the cortex, consistent with the contribution of both labeled and unlabeled WNT-responsive Axin2+ cells (which interpose between each other during regeneration) to the repopulating cortex. This process was not noticeable in control mice, in which an expansion of EGFP-tagged cells was visible but started to encompass the whole zG only at later time points, with a negligible number of cells observed as clusters deep into the cortex. These data confirmed our hypothesis that WNT-responsive cells actively contribute to the process of adrenal regeneration.
Genetic ablation of canonical WNT signaling leads to reduced adrenal recovery
To test the hypothesis that canonical WNT signaling is necessary for adrenal regeneration, we genetically ablated Ctnnb1 in cells that express Axin2, by crossing Axin2CreERT2 mice with b-catenin fl/fl mice (referred as Bcat fl/fl mice) (Supplemental Fig. 6A ). AxinCreERT2-bcat fl/fl male mice (n = 5) receiving regular drinking water and subjected to tamoxifen treatment served as homeostatic (non-dexamethasone-treated) controls. In this context, the acute loss of b-catenin for 3 days did not affect gross adrenal morphology or Sf1, Cyp11b2, Cyp11b1, Shh, and Gli1 gene expression (data not shown). We then compared adrenals from mice treated according to our regeneration protocol (Fig. 7A) . Tamoxifen-induced Ctnnb1 excision was confirmed by PCR ( Supplemental Fig. 6B ). Control AxinCreERT2-Bcat fl/fl male mice (n = 5) were subjected to the same protocol described above, but instead of tamoxifen they were injected with vehicle, which did not cause Ctnnb1 excision. Both groups were subject to the dexamethasone-mediated zF atrophy protocol.
Following recovery, mice with loss of b-catenin exhibited decreased Cyp11b1 expression, diminished For statistical analyses, all time points n = 5 animals, except R0, R3, R7, and R14 control groups (n = 6). Error bars represent the standard error of the mean. *P , 0.05; **P , 0.01; ***P , 0.001; and ****P , 0.0001. corticosterone production, and significantly lower adrenal weights compared with controls ( Fig. 7B-7D ). An increase in apoptosis, occurring in cells of both the zG and zF, was also observed (Fig. 7E) . Following b-catenin ablation, we found significantly decreased Wnt4 and Axin2 expression (Fig. 7F, left) , together with decreased Shh expression, consistent with the known WNT-responsiveness of the Shh-expressing progenitor cells. Whereas capsular Gli1 expression did not change (Fig. 7F, right) , a longer time point could be necessary to observe a decrease in the expression of the SHH target, Gli1. These data support the hypothesis that activation of cortical WNT signaling is necessary for complete adrenal regeneration mediated by WNT-responsive Shh+ progenitor cells.
Discussion
To sustain endocrine homeostasis, the adrenal cortex must be capable of adapting to acute and chronic hormonal demands. The studies described in this report aimed to investigate the regenerative processes occurring in the adrenal cortex after atrophy induced by long-term administration of glucocorticoids. Long-term exogenous glucocorticoid administration is currently used for treating several medical conditions and has been long known to cause zF atrophy. However, little is known about the mechanisms involved in the cortical replenishment subsequent to atrophy (2, 44) .
Our studies use a model of adrenal atrophy induced by long-term administration of synthetic glucocorticoid dexamethasone, which is characterized by suppression of Cyp11b1 expression and corticosterone production, long assumed to be solely dependent on the suppression of the adrenal tropic factor ACTH, necessary for endocrine maintenance of adrenocortical glucocorticoid homeostasis. The adrenal cortex is characterized by cellular turnover that maintains adrenal homeostasis (45, 46) . The current model of centripetal unidirectional differentiation involves Shh+ cells as progenitors giving rise to differentiated zG cells expressing Cyp11b2, from which the zF cells expressing Cyp11b1 descend (12, 13) . Although recent studies have also revealed Shh (12, 16), Wnt4, Ctnnb1, and Rspo3 as required for proper adrenal homeostasis (14, 15, 17, 19, 43) , the integrated role of these pathways (and the associated "paracrine factorproducing" cells and "paracrine factor-responsive" cells) in adrenal homeostasis remains unknown. Our data support a model whereby endocrine hormones that stimulate the adrenocortical cell (ACTH) and/or are secreted by adrenocortical cells (glucocorticoids) communicate with the intrinsic paracrine signaling of the gland to coordinate integration of growth (presence of zF) and differentiated function (synthesis of glucocorticoids) of the gland (13) .
SHH signaling activates Gli family transcription factors in cells located in the adrenal capsule. During adrenal organogenesis, Gli1+ cells give rise to cortical Sf1+ cells, including Shh+ progenitor cells located in the outermost zG (12, 16, 47) . Whereas prior studies using mice with genetic loss of Shh have observed hypoplastic adrenal glands with a thinner capsule, decreased corticosterone secretion, and increase in ACTH secretion (12, 16, 47) , it has remained unclear whether the adrenal hypoplasia reflected a loss of signaling to the Gli1+ cells of the capsule and/or a primary defect in the Shh+ progenitor. It is important to note that Gli1+ cells and their progeny mildly contribute to the adult homeostasis and adrenocortical renewal (12) . However, during regeneration in our paradigm, inhibition of capsular SHH/GLI1 signaling prevented, whereas constitutive activation augmented, regeneration and functional recovery. The current study examined the roles of both (1) SHH signaling between Shh+ cells and the SHH-responsive Gli1+ cells of the capsule and (2) the role of Gli-expressing cell lineage and Shh-expressing cell lineage in the regeneration process.
Gli1-lineage tracing experiments in our atrophy model reveal a surge of cells deriving from Gli1+ cells that delaminate from the capsule into the adult cortex during recovery/regeneration. These descendants possess steroidogenic potential and acquire expression of zonation markers relative to their position. The delaminated cells are not retained long term, presumably reflecting a vestigial developmental response or simply a mechanism for an early rapid recovery of cortical function before engagement of cortical Shh+ progenitor cells. Indeed, activation of Shh expression, engagement of long-termed retained Shh+ progenitors with lineage conversion to differentiated zF cells is a dominant feature in the regenerating cortex.
Importantly, canonical WNT pathway activation was also observed in the regenerating cortex. Because Shh+ progenitor cells are a subset of the Wnt-responsive cells of the peripheral zG (15) , this observation is not unexpected. Indeed, the loss of b-catenin and SHH in the adrenal cortex during development causes variable adrenal hypofunction and hypoplasia (12, 14) . A similar engagement of both SHH and canonical WNT signaling pathway has been described in a model of bladder injury, wherein basal Shh+ stem cells produces increased stromal expression of WNT signals; this, in turn, stimulates the proliferation of both urothelial and stromal cells to restore functionality of the organ. Impairment of GLI1 signaling negatively affected bladder regeneration (48), similar to our observations. In our current mouse model of adrenal regeneration, inhibition of capsular GLI1 results in diminished activation of cortical WNT signaling (Lef1) that is presumably mediated through a decrease in secreted WNT4 and capsular RSPO3 (19) , whereas constitutive activation of SHH signaling in the capsular Gli1+ cell (SmoM2) induces an increased expression of canonical WNT pathway genes, commensurate enhanced adrenal proliferation, and a more rapid recovery of zF function. Although the SmoM2 mutation was first observed in a sample of human basal cell carcinomas (49), we did not observe hyperplasia or tumor formation in our mouse model.
To formally explore the contribution of WNT-responsive cells to adrenal regeneration, we examined the activation of Axin2-expressing cells and their downstream lineage. Our tracing experiments in non-dexamethasone-treated mice found that Axin2+ cells in the zG give rise to differentiated Cyp11b2+ zG cells, which subsequently migrate centripetally to contribute to Cyp11b1+ cells of the zF during normal homeostasis. After dexamethasonemediated atrophy, increased expression of Axin2 (consistent with canonical WNT activation) was accompanied by an expansion of Axin2+ cells and their descendants with increased contribution of Axin2+ lineage to the regenerating cortex, confirming engagement of the WNT responsive cells to the repopulation of the atrophied zF.
To define the dependency of the regeneration process on active canonical WNT signaling in the WNTresponsive Axin2+ cells, we genetically ablated Ctnnb1 in Axin2+ cells (and their progeny) and observed profoundly impaired regeneration characterized by a persistent histological disorganization following dexamethasone treatment and increased apoptosis in both the zF and zG. Importantly, controls that did not undergo dexamethasone treatment did not present with a histological phenotype or with impairment of Cyp11b1 expression despite genetic loss of b-catenin. Although this may simply reflect slower WNT-dependent homeostatic renewal of the zF compared with the regeneration paradigm, the data support a critical role of active WNT signaling in the Axin2+ cells that serve to give rise to descendent cells that populate the regeneration zF. The observed decrease in Shh expression is consistent with specific loss of the WNT-responsive Shh+ cell, as predicted.
Our data outline the signaling and lineage relationship between Shh-and Wnt-expressing cells and SHH-and WNT-responding cells during adrenal homeostasis (Fig. 7G) . SHH secreted by the WNT-responsive SHHproducing progenitor cells in the zG activates SHH signaling in the Gli1+ capsular cells. These cells engage in a rapid expansion, delamination, and differentiation to steroidogenic cells of the regenerating gland. In addition, Gli1 activation results in an increased expression of upstream Wnt ligands (i.e., Rspo3 and Wnt4). RSPO3 expressed in the capsule amplifies ligand-dependent WNT signaling and induces b-catenin activity (19) . Secreted canonical WNT ligands and RSPO3 signal to the WNT-responsive (including the WNT-responsive SHHproducing cells) that serve as long-term retained progenitors that repopulate the atrophic gland (Fig. 7G) .
Both WNT and SHH signaling have been reported to be inhibited by PKA (the primary downstream effector of ACTH) (17, 50) . In other cell/organ systems, PKA can limit the activity of HH signaling (51) , and repression of PKA can induce a noncanonical SHHindependent activation of Gli (52). In the adrenal cortex, WNT and PKA signaling have a reciprocal relationship with WNT signaling, inhibiting ACTH/ PKA-mediated steroidogenesis in vitro (15) and in vivo, where Wnt4 expression is restricted to the zG, whereas PKA activity is restricted to the zF, where it promotes zF differentiation (17) . Whether dexamethasone treatment, which inhibits pituitary ACTH and results in lowered PKA activation in the zF, accounts for the activation of WNT-responsive Shh+ cells is unknown. Although glucocorticoids can also influence steroidogenesis by upregulating the WNT-responsive corepressor Dax-1 (53) in the peripheral adrenal cortex (54) , the role of direct glucocorticoid action in adrenal regeneration remains unclear.
